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EXECUTIVE SUMMARY 

Intercontinental Potash Corp. USA (ICP) is proposing to construct and operate the Ochoa Mine 

Project (Project) that would comprise an underground polyhalite mine, processing facility, and 

loading facility. The Project would be located about 60 miles east of Carlsbad and less than 

20 miles northwest of Jal, New Mexico (Figure 1). Polyhalite ore from the underground mine 

will be used to produce sulfate of potash (SOP), a potassium fertilizer used throughout the world 

for food production. The Project requires water for both ore processing and for use at the plant 

facilities building. The demand for water for the Project is 6,452 acre-feet per year (4,000 gallons 

per minute) for 50 years. The source for the Project’s water supply is the Capitan aquifer, which 

is a confined aquifer known to contain significant quantities of saline groundwater in New 

Mexico and Texas (Hiss, 1975). Up to eight water supply wells will produce saline water from 

the Capitan aquifer from an area to the east of the processing facility. An assessment of potential 

impacts on groundwater and surface water bodies within and adjacent to the Capitan aquifer was 

required as part of the permitting process. A conceptual and numerical groundwater flow model 

(Capitan aquifer model) was developed to assess the potential impacts. Four numerical models 

were developed, including a no-action model, a calibration model, and two predictive models 

representing the ICP water supply pumping and recovery scenarios. 

Results from the conceptual model identified one potential impact requiring further evaluation 

with the numerical model. The one impact evaluated was the potential for drawdown in the 

aquifer, resulting from pumping of ICP wells, to induce leakage from or reduce groundwater 

discharge to the Pecos River near Carlsbad, New Mexico. Results of the numerical model 

indicated that drawdown due to pumping of ICP wells would extend to the Pecos River. To 

further evaluate impacts on the Pecos River, the Carlsbad Aquifer Groundwater (CAGW) 

superposition model, developed by the New Mexico Office of the State Engineer (Barroll et al., 

2004; Papadopulos, 2008), was linked to the Capitan aquifer model. Using this approach, a 

maximum reduction of groundwater discharge to the Pecos River of 28.4 acre-feet per year was 

estimated, or 0.07 percent of the average annual discharge to the river based on the original 

CAGW model developed by the New Mexico Office of the State Engineer (Barroll et al., 2004). 

A reduction of 0.07 percent is considered a very limited impact to groundwater discharging to 

the Pecos River near Carlsbad, New Mexico.  

A sensitivity analysis conducted on the Capitan aquifer model established that the parameter 

estimates used in the model were reasonable (all parameter sensitivities were of Type I, II, or III 

using ASTM standards) and that the model was representative of the groundwater flow system. 

Based on these results, the conclusions of the model were considered acceptable.  
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1.0 INTRODUCTION 

Intercontinental Potash Corp. USA (ICP) is proposing to construct and operate the Ochoa Mine 

Project (Project), which would comprise an underground polyhalite mine, a processing facility, 

and a rail load-out facility. The Project would be located about 60 miles east of Carlsbad and less 

than 20 miles northwest of Jal, New Mexico (Figure 1). Polyhalite from the Project will be used 

to produce sulfate of potash (SOP). SOP is a non-chloride-based potassium fertilizer that is used 

in the fruit, vegetable, tobacco, and horticultural industries.  

The Project requires water for both ore processing and for use at the plant facilities building. The 

demand for water for the Project is 6,452 acre-feet per year (ac-ft/yr) (4,000 gallons per minute 

[gpm]) for 50 years. Of the total water supply required for the Project, approximately 99 percent 

is expected to be used for ore processing; less than 1 percent will be treated to drinking water 

standards and provided to the plant facilities building for drinking water, showers, and other 

sanitation purposes. The source for the Project’s water supply is the Capitan aquifer, which is a 

confined aquifer known to contain significant quantities of saline groundwater in New Mexico 

and Texas (Hiss, 1975). Saline water from the Capitan aquifer will be produced from eight 

groundwater wells located east of the Project, two of which were installed as part of the Project 

and used for aquifer testing. The first well, ICP-WS-01, was completed in February 2012, and 

the second well, ICP-WS-02, was completed in June 2012 approximately 1,500 feet (ft) from 

ICP-WS-01 (Figure 2; INTERA, 2012). 

Assessment of potential impacts on groundwater and surface water bodies within and adjacent to 

the Capitan aquifer was required as part of the permitting process. A numerical groundwater 

flow model was developed to assess the potential impacts. 

1.1 Approach 

Assessment of potential impacts due to pumping required development of a conceptual 

groundwater model. The conceptual groundwater model was based on characterization of the 

geologic and hydrogeologic characteristics of the Permian-age Capitan aquifer associated with 

the Capitan Reef Complex in southeastern New Mexico and western Texas (Figure 1). Drawing 

on existing literature as well as geologic and geophysical data from the ICP exploratory wells, 

the conceptual groundwater model describes the following aspects of the Capitan aquifer: 

¶ Geologic and hydrogeologic characteristics, including delineation of the extent of the 

model domain and associated flow boundaries. 

¶ Geologic and hydrogeologic characteristics of the overlying and adjacent strata that may 

act as boundaries to groundwater flow. 
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¶ Groundwater recharge and discharge areas within the surface and subsurface extent of the 

aquifer. 

¶ The location of existing wells and associated water levels and water quality. 

¶ Potentially impacted waters. 

The portion of the aquifer of interest for the Project extends east and south from near Carlsbad, 

New Mexico, to the Glass Mountains in Texas (study area, Figure 1). The conceptual 

groundwater model provided the basis for development of a numerical groundwater flow model 

of the Capitan aquifer. The numerical groundwater model provided quantification of potential 

impacts of pumping deep, saline groundwater from the ICP wells on existing wells and springs 

producing from, and surface water bodies in contact with, the aquifer in New Mexico and Texas. 

The spatial extent of the conceptual model and associated numerical model is based on aquifer 

extent, recharge areas, and areas of potential impact (e.g., the Pecos River, adjacent aquifers, and 

recharge areas in New Mexico and Texas).  

Due to the depth of the Capitan aquifer and the regional extent of the numerical model, data 

collected from deep, intermediate, and shallow aquifers and geologic formations were needed to 

develop a conceptual model. Fortunately, the large number of oil and gas wells in the region 

provided many well logs with data at the needed depths. A review of available oil and gas well 

logs, as well as other data sources, and the subsequent development of a database of the 

formation tops, were key components of delineating the hydrostratigraphic units to be included 

in the numeric model. In addition to the use of pre-existing data, aquifer test data from the two 

ICP water wells provided site-specific information on the Capitan aquifer (INTERA, 2012). 

1.2 Report Structure 

The report is organized as follows: 

¶ Section 2 describes the geology of relevant formations.  

¶ Section 3 characterizes the hydrogeology of the Capitan aquifer. 

¶ Section 4 delineates potentially impacted waters.  

¶ Section 5 presents the development and results of the numerical groundwater model used 

to assess potential impacts.  

¶ Section 6 provides a summary and conclusions. 

¶ Section 7 lists references cited in the report.  



 
 

 

 

 

Hydrogeologic Impact Assessment Report 
Ochoa Mine Project 
Lea County, New Mexico 3 July 16, 2013 

¶ Report tables and figures are included at the end of the report text following the 

references. 

¶ Appendices contain supporting documentation of recharge estimates, determination of 

boundary condition heads, location of water wells and associated water levels (if 

available), and results of sensitivity analysis.   
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2.0 GEOLOGY 

The Project is located along the northeastern margin of the Delaware Basin (Figure 3), a 

structural sub-basin of the large Permian Basin that dominated the region now including 

southeastern New Mexico, western Texas, and northern Mexico from 265 to 230 million years 

ago. The Permian Basin is an asymmetrical depression formed on top of Precambrian basement 

rocks. Marine sediments accumulated in the basin throughout the Paleozoic Era. The slow 

collision of the North American and South American crustal plates resulted in tectonic 

subdivision of the Permian Basin into numerous sub-basins, of which the Delaware and Midland 

basins are the largest (Ward et al., 1986). 

The Delaware Basin was an area of subsidence, resulting in deposition of a thick sequence of 

marine rocks; the study area is underlain by almost 12,000 ft of Permian-age deposits (Figures 3 

and 4). The basin is bounded on the west by the Diablo Platform, on the north by the Northwest 

Shelf, and on the east by the Central Basin Platform (Figure 3). The Capitan aquifer was formed 

by the youngest of the Permian shelf-margin complexes developed around the Delaware Basin 

(Harris and Saller, 1999). Hiss (1975) describes the Capitan aquifer as a “lithosome that includes 

the Capitan and Goat Seep formations and most or all of the Carlsbad (carbonate) facies of the 

Artesia Group” from northern Pecos County, Texas, around to the Guadalupe Mountains and the 

Gilliam and Word formations in southern Pecos County (Glass Mountains) (Armstrong and 

McMillion, 1961; Hill, 1996). Some of the upper part of the San Andres Limestone, equivalent 

to the Vidrio Limestone Member of the Word formation in the Glass Mountains (Armstrong and 

McMillion, 1961; Hill, 1996), is included in the Capitan aquifer when it cannot be distinguished 

from the Goat Seep Limestone or the Carlsbad facies of the Artesia Group (Hiss, 1975).  

The Permian shelf-margin complex is variously referred to in the literature as the “Permian reef 

complex,” “Guadalupe reef complex,” “Guadalupian reef complex,” “Capitan reef complex,” or 

simply the “reef complex.” The Texas Water Development Board (TWDB) uses the term 

Capitan Reef Complex (TWDB, 2009) and equates the Capitan aquifer with the formations that 

comprise the Capitan Reef Complex. This usage of Capitan Reef Complex and Capitan aquifer is 

adopted in this report for consistency with the TWDB study; however, the usage is not 

necessarily consistent with earlier publications and reports on the Capitan aquifer and/or the reef 

complex. For instance, Hill (1996) suggests that Capitan Reef Complex is preferable to Permian 

Reef Complex when discussing the Capitan Formation and time-related basin and back-reef 

formations due to the occurrence of reef complexes other than the Capitan such as the Goat Seep 

reef, which is included in the Capitan aquifer as defined by Hiss (1975), and the Capitan Reef 

Complex as defined by the TWDB (2009).  
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The Capitan Reef Complex is a horseshoe-shaped limestone, dolomite, and sandstone deposit 

surrounding the Delaware Basin (Figure 3). The complex extends over approximately 200 miles 

in southeastern New Mexico and western Texas. Geologic formation names vary somewhat from 

west to east, but the overall structure of the reef complex (i.e., the basin, slope, reef, back-reef, 

and shelf facies) is consistent throughout. The full depositional history and the development of 

the structure of the Delaware Basin have been discussed in great detail elsewhere (e.g., 

Bjorklund and Motts, 1959; Ward et al., 1986; Hill, 1996). 

Older Permian deposits (San Andres, Yeso, Abo, and Hueco formations) consist of 

approximately 4,000 ft of mostly fine-grained sandstones, siltstones, shales, and various types of 

limestone deposited before the Capitan Reef Complex was deposited and the Delaware Basin 

was formed (Hill, 1996) (Figures 4 and 5). The Permian-age Delaware Basin deposits in 

southeastern New Mexico are divided into the Guadalupian and the Ochoan series. The 

Guadalupian series consists primarily of sandstones that comprise the Delaware Mountain Group 

(Ward et al., 1986; Hill, 1996). The Ochoan series comprises, from oldest to youngest, the 

Castile Formation, the Salado Formation, the Rustler Formation, and the Dewey Lake red beds 

(Bachman, 1983). The Castile Formation is composed primarily of anhydrite and gypsum and 

rests unconformably on the upper member of the Bell Canyon Formation, the youngest sequence 

of the Delaware Mountain Group (Hill, 1996). The Salado Formation consists primarily of halite 

and interfingers laterally with the underlying Castile Formation (Lowenstein, 1988). The Rustler 

Formation is composed of anhydrite, halite, and two carbonate beds (Hill, 1996). The Dewey 

Lake red beds conformably overlie the Rustler Formation and consist of red siltstone, sandstone, 

and shale (Hill, 1996).  

Oil and gas reserves exist within the Guadalupian series formations. Ward et al. (1986) describe 

the setting under which the oil resides, as follows: 

Oil discovered in Guadalupian strata is found primarily at the boundary between 

up-dip evaporites and the associated shelf dolomites and/or clean siltstones to 

fine-grained sandstones. The primary lateral and overlying seals are porosity and 

hydraulic conductivity barriers formed by the precipitation of evaporites in the 

pores of the originally porous dolomites and sandstones. The occlusion of 

porosity by evaporites is not only important in forming primary seals, but can also 

cause great variations in the amount of porosity in structures and within producing 

fields. Especially noticeable within the productive limits of some fields producing 

from the Grayburg and San Andres Formations are areas covering three or four 

sections that are nonproductive due to the loss of porosity by evaporate plugging. 

A notable rise in water saturation normally accompanies the loss of porosity 

infilled by evaporite, and well-test results become erratic, with water occurring 

above oil or oil occurring above gas (hydrodynamic effects). 
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The following subsections describe the stratigraphy of the study area, beginning with the 

youngest formations. 

2.1 Quaternary Alluvium 

Quaternary alluvial deposits exist throughout Lea County, though the saturated thickness of the 

alluvium is only sufficient in a few places to provide a significant water source (Bjorklund and 

Motts, 1959; Hill, 1996). The amount and characteristics of the water stored in the alluvial 

aquifer are difficult to determine because the aquifer is not continuous, and in most areas, the 

extent of saturated alluvium is quite small (Hill, 1996; Barroll et al., 2004). 

Alluvial gravel, sand, and silt deposited by the Pecos River and its tributaries underlie much of 

the Carlsbad area (Barroll et al., 2004). Below the alluvium, deposits of gypsum, red silt, and 

clay are interbedded in places with thin lenses of gravel. The red silt and clay are not alluvium 

but rather a residue of Ochoan series soluble salts and gypsum that were removed by solution 

(Bjorklund and Motts, 1959; Mercer, 1983).  

In the Glass Mountains, alluvial deposits washed down from the mountains cover the pediments 

(Hill, 1996). These deposits range from less than several feet to over 300 ft and are largely 

derived from carbonate rock cemented by caliche (Hill, 1996).  

2.2 Upper Triassic Rocks 

2.2.1 Dockum Group Undivided 

The Dockum Group of the Delaware Basin is of Late Triassic age and, in the Project area, exists 

as an erosional wedge that pinches out westward along a north-south line through the middle of 

the Waste Isolation Pilot Plant (WIPP) site (Beauheim and Holt, 1990). The Dockum Group 

sediments represent a terrestrial floodplain, alluvial-fan deposit composed of deltaic, fluvial 

sandstone and mudstone irregularly distributed over much of the Project area (Hill, 1996). The 

uppermost unit of the Dockum Group is a dominantly shaly mudstone interspersed with 

greenish-grey mudstone and lenses of sandstone as conglomerate (Mercer, 1983). The lower unit 

consists of a medium- to coarse-grained sandstone and conglomerate with interbedded siltstone 

and silty claystone (Mercer, 1983; Hill, 1996). The sandstones are generally poorly sorted, vary 

from fine to very coarse grained, and are not well cemented (Adams, 1929; Hill, 1996). The 

formation thickness varies from 10 to 26 ft at the WIPP site (Hill, 1996) to 230 ft approximately 

10 miles east of WIPP (Anderson, 1981). 
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2.3  Ochoan Series 

2.3.1 Dewey Lake Red Beds 

The Dewey Lake Formation is unconformably overlain by the Dockum Group (Mercer, 1983). 

The deposits consist of red siltstone, sandstone, and shale, and contain no evaporates (Bjorklund 

and Motts, 1959). The Dewey Lake Formation ranges in thickness from 345 to 541 ft at the 

WIPP site (Mercer, 1983). 

2.3.2 Rustler Formation 

The Rustler Formation, which lies beneath a conformable contact with the Dewey Lake 

Formation, is the youngest unit in the Ochoan evaporite sequence (Mercer, 1983). The Rustler 

Formation has a varying lithology, consisting of interbedded sulfates, carbonates, clastics, and 

halite (Beauheim and Holt, 1990). The Rustler has been divided into five formal members, which 

are, from oldest to youngest, the Los Medaños, Culebra, Tamarisk, Magenta, and Forty-Niner 

members. The Los Medaños Member consists of siliciclastics, halitic mudstones, muddy halite, 

and sulfate minerals, principally anhydrite (Powers and Holt, 1999). The Culebra consists of a 

microcrystalline dolomite that contains spherical cavities that range from 2 to 20 millimeters in 

diameter (Mercer, 1983). The Tamarisk comprises three units: a lower basal anhydrite that 

contains polyhalite, a middle halite-rich mudstone, and an upper anhydrite. The polyhalite 

targeted by ICP for mining is in the Tamarisk Member. The Magenta Member is predominantly a 

silty dolomite and anhydrite, altered in places to gypsum (Mercer, 1983). The Forty-Niner 

Member comprises a lower and an upper anhydrite with a middle siltstone. The middle siltstone 

shows lateral facies changes between mudflat deposits and halite-pan deposits (Holt and Powers, 

2010).  

The Rustler thickness is highly variable due to solution of anhydrite by groundwater, which has 

resulted in residues of gypsum and brick-red silt interbedded with dolomite (Bjorklund and 

Motts, 1959; Hill, 1996). In the Malaga Bend area of the Pecos River (Figure 3) south of 

Carlsbad and in some areas of Nash Draw, extensive dissolution and erosion of the halite and 

anhydrite beds has occurred. The Rustler is more than 390 ft thick in eastern Eddy County and 

thickens to 650 ft in the southern part of the basin (Hill, 1996). Farther west, the Rustler 

Formation is missing due to erosion by the Pecos River (Hiss, 1975). 

2.3.3 Salado Formation 

The Salado Formation is part of the Late Permian Ochoan series of west Texas and southeastern 

New Mexico and consists of generally flat-lying beds composed of halite, muddy halite, 

anhydrite, polyhalite, dolostone, and mudstone (Lowenstein, 1988). Although it can be as much 

as 2,300 ft thick (Figure 6) (Lowenstein, 1988), the Salado has disappeared along the western 

margin of the basin where the reef has been uplifted and the Pecos River has cut down to the reef 
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complex. Potassium minerals in the Salado Formation are interbedded within the anhydrite and 

halite stratigraphic units. 

A red silt and clay layer occurs at the contact of the Salado and the overlying Rustler Formation 

(Bjorklund and Motts, 1959; Bachman, 1983). Composed of clay with interlayered seams of 

gypsum and sandstone, this layer exists between the Salado and the Rustler in Nash Draw and 

represents residuum from the dissolution of clayey halite and other evaporites in the upper 

Salado (Mercer, 1983). The thickness of the residuum is variable. 

Dissolution of the Salado adjacent to the Capitan aquifer has led to formation of sinks and 

collapsed breccias (Figure 7) (Hill, 1996). In these areas, the Salado has been reduced in 

thickness resulting in solution and slumping of the overlying Rustler (Hill, 1996). The deeper 

depressions are filled with more than 1,180 ft of Cenozoic sediments. 

2.3.4 Castile Formation 

The Castile Formation represents the oldest evaporite cycle of the Ochoan series in the Delaware 

Basin. Bachman (1983) describes the Castile Formation as follows:  

Anhydrite is the dominant rock type in the Castile Formation. Halite is present in 

the formation in the subsurface, but is much less prominent than the halite in the 

overlying Salado Formation. Limestone interlaminated in anhydrite, thin beds of 

limestone, and minor amounts of dolomite and magnesite are also constituents of 

the Castile.  

Although the anhydrite and gypsum in the Castile Formation are usually thinly laminated, 

massive beds of these rock types are present in places in the upper part of the formation 

(Bachman, 1983). The Castile Formation interfingers with the Capitan Formation (Bjorklund and 

Motts, 1959), with the slope carbonates thinning and basinal siliciclastics thickening towards the 

basin (Harris and Saller, 1999). 

The thickness of the Castile Formation ranges from about 1,500 to 1,700 ft, reaching 2,100 ft 

locally in north-central Loving County, Texas (Figure 8). Thicknesses of approximately 1,700 ft 

have been reported in Winkler County, Texas (Garza and Wesselman, 1959), and of 

approximately 900 ft in the region overlying the Capitan Reef Complex in Pecos County, Texas 

(Armstrong and McMillion, 1961). 

2.4 Guadalupian Series 

The rock units of the Guadalupian series of Permian age are characterized by four major facies: 

(l) basin facies consisting of quartzose sandstone interbedded with limestone, deposited seaward 

from the Guadalupe reef complex; (2) reef facies of massive limestone; (3) carbonate shelf facies 
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of carbonate rocks interbedded with sandstone, deposited landward from the Guadalupe reef 

complex; and (4) evaporite shelf facies of gypsum in back-reef waters, and anhydrite and other 

evaporite rocks interbedded with red sandstone and shale, all of which were laid down in back-

reef waters (Bjorklund and Motts, 1959) (Figure 5). 

2.4.1 Basin Facies 

The Delaware Mountain Group represents the Guadalupian basin facies. Hiss (1975) reports:  

The basin facies consists of a thick sequence of well-bedded terrigenous 

sandstones and siltstones interbedded with thin but areally widespread, laminated, 

dark-lime mudstones. The dark laminated lime mudstones grade shoreward into 

the lighter-colored, coarsely lithoclastic lime wackestones of the forereef facies. 

The coarse carbonate detritus was probably transported into the basin through 

submarine canyons as subaqueous slides, mudflows, or turbidity flows, whereas 

the fine silt or clay-sized carbonate particles were carried away from the shelf and 

shelf margin in suspension. Additional carbonate detritus entered the basin as 

blocks or avalanches spalling off or sliding down and away from an overly steep 

reef foreslope.  

The submarine canyons were the source for a series of basinward-trending, deep-sea channels 

which extend for many tens of kilometers into the basin. Hill (1996) estimated that more than 

90 percent of the sand and silt found in the Delaware Mountain Group was brought into the basin 

along these sandstone channels, and that less than 10 percent of the siliciclastics were transported 

into the basin as spillover, eolian, or debris-fan material. The deep sandstone channels are 

separated by laminated siltstone deposits (Hill, 1996). After channel cutting was finished, the 

channels filled with sand. Following sand deposition, the finer-grained silt particles settled out of 

suspension over the sand-filled channels and the interchannel areas. The channel deposits, built 

up in time over the basin, were meandering and braided, but were oriented in a roughly linear, 

northeast-southwest direction (Hill, 1996). 

Submarine fans developed in the deep seas at the mouths of the submarine canyons and 

gradually coalesced to form a compound submarine apron or bajada. The thickness of the deep-

sea fans and component sediment grain size both decrease seaward (Hiss, 1975).  

In the Guadalupe Mountains, the Delaware Mountain Group is 2,700 to 3,475 ft thick, and is 

divided into approximately equal thirds by the Bell Canyon, Cherry Canyon, and Brushy Canyon 

formations (Figures 4 and 5). The Bell Canyon is equivalent to the Capitan Formation and the 

Tansill, Yates, and Seven Rivers formations of the Artesia Group; the Cherry Canyon and 

Brushy Canyon are equivalent to the Goat Seep Limestone and the Queen and Grayburg 

formations of the Artesia Group (Hill, 1996).  
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The Bell Canyon Formation is the upper formation of the Delaware Mountain Group and varies 

in thickness from about 650 to 980 ft (Hill, 1996). Lithologically similar to the Cherry Canyon, it 

consists of very thick sandstones, alternating with thinner limestone layers and rather hard 

shales. The sandstone beds of the Bell Canyon Formation, like those of the Cherry Canyon, are 

extremely fine grained. Aside from the occasional, persistent limestone members, the sandstones 

contain few or no calcareous beds or lenses, and there are no interbedded black, shaly layers of 

the sort found in the Cherry Canyon Formation beneath (King, 1948). The carbonate members of 

the Bell Canyon interfinger with unnamed sandstone units along the margin of the basin. The 

sandstone units thin basinward (Hill, 1996). Four limestone members are distinguished in the 

Bell Canyon Formation: the Hegler, Pinery, Rader, and McCombs members. These are closely 

spaced in the lower fourth of the unit, and are separated by several hundred feet of sandstone 

from the Lamar Member, which lies near the top of the Bell Canyon (King, 1948; Hill, 1996). 

The Lamar is the only member that is continuous across the basin and has a uniform thickness of 

25 ft across the basin. 

The Cherry Canyon Formation is the middle formation of the Delaware Mountain Group. It 

consists of brownish, rather bituminous shales, with limestones and some sandstones (King, 

1948). The Cherry Canyon exhibits cyclic sedimentation (Hill, 1996). The sandstones of the 

Cherry Canyon Formation consist of beds a few inches thick, with occasional thicker layers and 

layers of hard, platy, shaly sandstone. The sand grains are so fine that they cannot ordinarily be 

distinguished by the unaided eye. The limestone beds in most of the Cherry Canyon Formation 

are lenticular, consisting in places of solid limestone members 100 ft or more thick, and in places 

of thin limestone beds interbedded with thicker layers of sandstone (King, 1948). The Cherry 

Canyon differs from the Brushy Canyon in that it contains tongues of limestone which can be 

traced or correlated with reef and shelf rocks (Hill, 1996). Siliciclastics of the deep basin 

gradually thin towards the margins of the basin as limestone members gradually thicken and 

merge with the forereef beds of the Goat Seep Dolomite (Hill, 1996).  

The Brushy Canyon Formation consists largely of sandstone. The massive beds that form the 

most conspicuous parts of the formation consist of buff or yellowish, medium-grained, friable 

sandstone (King, 1948). Hill (1996) describes the sandstone as thick-bedded, lenticular, very fine 

to fine-grained sandstone with some medium-grained sands. The Brushy Canyon also contains 

minor amounts of interbedded dark limestone and local conglomerate and dark shale in its basal 

part (Hill, 1996). Up to 1,300 ft thick in the basin near the Guadalupe Mountains, the Brushy 

Canyon can reach a thickness of up to 1,640 ft elsewhere in the basin (Hill, 1996). 
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2.4.2  Shelf Carbonate and Evaporite Facies 

The shelf facies include the Artesia Group and the San Andres Formation. The Artesia Group 

underlies the Salado Formation (Ochoan series) and consists of the Tansill, Yates, Seven Rivers, 

Queen, Grayburg, and San Andres formations (Figure 5). Ward et al. (1986) describe the shelf 

dolomites as burrowed dolomites capped by algal-laminated anhydritic dolomites. Interbedded 

quartz siltstones and sandstones are more common landward; also, the shelf facies may locally 

contain pelletal packstones and grapestone grainstones, suggesting a high-energy shoreline. The 

carbonate facies consists of interbedded limestone, dolomite, and sandstone, with a 

predominance of carbonate rocks (Bjorklund and Motts, 1959). Laterally, these change in a 

landward direction from lagoonal dolomites to a mixture of carbonates, evaporites, and quartz 

siltstones (Ward et al., 1986).  

The carbonate facies changes abruptly, within about 500 to 650 ft, into an evaporate facies at 

different stratigraphic intervals, depending on the age of the rocks (Bjorklund and Motts, 1959; 

Ward et al., 1986). The evaporite facies consists predominately of interbedded gypsum and 

anhydrite with beds of siltstone and sandstone (Bjorklund and Motts, 1959). The carbonate-

evaporite facies contact is found farther updip with deeper formations. For instance, along the 

western edge of the Central Basin Plateau, evaporites of the Queen Formation occur 12 to 

16 miles shelfward from the Capitan Formation, while evaporites of the Yates Formation occur 

approximately 8 miles behind the Capitan Formation (Ward et al., 1986; Hiss, 1975). Hill (1996) 

shows the thickness of the carbonate facies ranging in width from 6 to 12 miles. Hiss (1975) 

reports the average thickness of the Artesia Group within the northern part of the project area is 

approximately 1,500 ft and thins to a thickness of about 1,000 ft on the southern end of the 

Central Basin Platform. 

Shelf dolomites and siltstones contain higher average porosities than shelf-marginal or basin 

strata and account for most of the hydrocarbon production from the Permian Basin. Most of the 

subsurface porosity occurs as intercrystalline and moldic pores in the dolomites and as preserved 

primary pores in the siltstones (Ward et al., 1986). Hydrocarbon production occurs from shelf 

deposits of the San Andres, Grayburg, and Queen equivalents of the Goat Seep reef, as well as 

the Seven Rivers, Yates, and Tansill equivalents of the Capitan Formation. The locations of 

productive zones are directly related to the sealing of porous carbonates by the evaporites 

(Figure 9). The locations of hydrocarbon reservoirs can be correlated with the lateral back-reef 

extent of the carbonate facies of the Artesia Group members (Figures 10 to 13) (Ward et al., 

1986). Anhydrite, gypsum, and halite form seals both updip and capping the significant oil fields 

in Guadalupian strata (Ward et al., 1986). 

The Hendrick field in Winkler County, Texas, is located along the western edge of the Central 

Basin Platform, and is a major field that produces oil from vuggy Guadalupian reef dolomites to 
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immediate back-reef dolomites and siltstone (Ward et al., 1986). The field is situated structurally 

such that the oil-water contact extends into back-reef carbonates and siltstones. Updip, a porosity 

pinch-out in these siltstones forms the primary trap in the field (Figure 13) (Ward et al., 1986). 

The San Andres Limestone west of Carlsbad, New Mexico, consists of two lithologies 

(Bjorklund and Motts, 1959; Hiss, 1975): an upper thickly bedded dolomite and a lower cherty, 

dolomitic limestone. In the northern portion of the structure, the carbonate facies of the San 

Andres Limestone is exposed west of Carlsbad and grades into the evaporite facies southwest 

and northeast of Roswell, New Mexico (Bjorklund and Motts, 1959). The persistent terrigenous 

clastics that are prevalent in the Artesia Group are absent from the San Andres Limestone, but 

sandstone tongues of the Cherry Canyon Formation (Delaware Mountain Group) extend into the 

upper part of the San Andres Limestone in many localities (Hiss, 1975).  

Miller (1969) describes the San Andres formation observed in a well log for a well near Artesia, 

New Mexico:  

In this well, the San Andres has a thickness of 1,370 feet, not including the 

underlying Glorieta Formation-not considered a part of the San Andres Formation 

in present subsurface usage. The upper 350 feet of the San Andres in the subject 

well consist of tan-white, light tan, and tan, dense to very fine crystalline 

dolomite. The basal 1,020 feet consist of tan-white to tan-brown, dense to fine 

crystalline dolomite with numerous stringers of gray-brown to brown-mottled 

chert. 

Miller (1969) further describes the reef portion of the San Andres, noting that it is not 

comparable in extent to the Goat Seep-Capitan barrier reef in that the San Andres reef 

environment represents reef growth with interspersed clean, massive, dolomitic “bank type” 

deposition. The San Andres reef facies is separated by a nonporous, non-permeable envelope of 

porcelaneous dolomite, formed from dolomitic muds that help to hydraulically seal off the San 

Andres reef from other formations. However, this type of seal may not be extensive (G. Lamb, 

personal communication). 

2.4.3 Reef Facies 

The Capitan and Goat Seep formations constitute the Guadalupian reef facies. The origin of the 

Capitan Formation “reef” has been interpreted in different ways, including as a barrier reef, a 

deep-water skeletal wackestone mound, a cement boundstone mound, and a linear complex of 

buildups (Hill, 1996). The depositional structure and texture within the reef varies depending on 

position within the complex. The reef facies may be divided into the “massive member” and 

“breccia member,” and these members may be divided further into lower, middle, and upper 

parts, each corresponding to a different facies (and formation) within the back-reef or inner shelf. 
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The breccia member is volumetrically much larger and is about three times as thick (1,250 ft) as 

the massive member (400 ft), based on outcrop measurements near Carlsbad. Some references 

conclude that the massive portions of the Capitan formed as a barrier reef based on the presence 

of low-energy, restricted facies on the outer shelf leeward of the reef, while other studies suggest 

that the outer shelf was open to marine-current energy and thus the reef did not act as a shelf-

margin barrier. Together these interpretations indicate that the water depth and shelf margin 

position of the reef varied through time. During deposition or growth, the front of the massive 

reef wall was nearly vertical (80 to 90 degree slope). Below this wall was a talus pile composed 

of reef blocks and sediments created as the reef front prograded basinward, continually 

oversteepened (by the growth of organisms), fractured, and fell into the basin (Hill, 1996).  

The shelf marginal sediments of the Capitan consist of an upper massive unit and an underlying, 

thick-bedded, foreslope facies. This margin can be divided into three informal 

chronostratigraphic units: (1) the lowermost unit is known as the lower Capitan, and is 

equivalent to the Seven Rivers shelf sediments; (2) a middle Capitan unit is equivalent to the 

Yates Formation; and (3) an upper Capitan unit is equivalent to the Tansill Formation. 

Underlying the Capitan is the Goat Seep reef margin and its shelf equivalents of the uppermost 

San Andres, Grayburg, and Queen formations (Ward et al., 1986). 

In outcrop near Carlsbad, the Capitan Formation consists of cream-colored to very light gray 

massive limestone. This limestone grades into re-cemented, in part dolomitized, breccia 

consisting of reef fragments, calcarenite, and rounded fossils in the reef-talus deposit (Bjorklund 

and Motts, 1959). Outcrops are absent in the vicinity of the ICP wells, but a geological core and 

geophysical logs of the PDB-04 research core hole (Harris and Saller, 1999), 40 miles west of 

the ICP wells, document that the Capitan consists primarily of dolomite with minor amounts of 

limestone and siltstone; “the entire reef interval (massive and slope facies) in the core is 

pervasively dolomitized, unlike in the Guadalupe Mountains where the Capitan Formation is 

predominantly limestone” and “anhydrite and gypsum fill pore spaces throughout the Capitan 

Formation and slope facies” (Harris, 2011). The upper 400 ft of the Capitan Formation (massive 

facies) in the PDB-04 core has a porosity of 5 to 25 percent (average 10 percent) and hydraulic 

conductivity of up to 4.86 ft/day (average 0.62 ft/day), whereas the lower Capitan Formation 

(slope talus) is less porous (less than 5 percent) and less permeable (less than 0.00243 ft/day).  

The Goat Seep Formation limestone underlies the Capitan Formation and is time equivalent with 

the Cherry Canyon Formation of the Delaware Mountain Group and also with the San Andres 

Limestone. The Goat Seep is a reef that formed during rapid subsidence of the Delaware Basin 

resulting in predominantly upward growth of the reef, as contrasted with the outward and upward 

growth of the Capitan Formation reef (Bjorklund and Motts, 1959). The stratigraphic 
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relationships depicted in the geologic literature suggest there is no lithologic or hydrogeologic 

separation between the top of the Goat Seep and the base of the Capitan (Hill, 1996). 

Matrix porosities in the reef facies and upper forereef are low on outcrop, but localized fracturing 

and solution hydraulic conductivity can be significant. Original porosities were reduced during 

deposition by marine cementation and internal sediment. Diagenesis varies in strata 

topographically lower on the forereef slope; lower forereef talus contains less marine cement and 

is partly dolomitized, and limestones at the toe of the forereef slope are compacted and partly 

silicified (Ward et al., 1986). 

In the study area, the Capitan Reef Complex extends from the Guadalupe Mountains and Glass 

Mountains down to a depth of more than 5,000 ft below ground surface (Hiss, 1975). Logs from 

oil, gas, and water wells were used to define the stratigraphy of the reef and associated 

formations (Hiss, 1975; Harris and Saller, 1999) (Figures 14 to 21). These cross sections form 

the basis for our understanding of the Capitan Reef Complex, adjacent formations, and the 

Capitan aquifer. Due to the importance of these cross sections and because numerous oil wells 

have been completed and logged since the analysis conducted by Hiss (1975), five of Hiss’s 

cross sections (Hiss Sections B-F, Figures 15-19) were re-evaluated by an independent geologist 

(Garland Lamb) (Lamb Sections B-F, Figures 15-19). The result of this evaluation confirmed 

Hiss’s geologic interpretation. Thus, Hiss’s model of the Capitan Reef Complex was adopted as 

representative of the Capitan Reef Complex and Capitan aquifer. 

The Capitan reef was incised locally by submarine canyons that extended into the back shelf 

(Figure 22). Hiss (1975) states:  

The margins of the Delaware basin were incised by numerous submarine canyons, 

contemporary in age to the shelf, shelf-margin, and basin facies. Much of the 

sediment in the Delaware basin was transported through canyons that extended 

(several miles) back onto the shelf. No one has located a completely exposed 

submarine canyon in the field. The exact nature of the material filling the canyons 

on the shelf margin remains unknown. The geometry and lithology interpreted 

from studies of electrical logs suggest that the submarine canyons are almost 

completely filled with a mixture of carbonate debris, sandstones, and siltstones 

resembling the basin facies near the shelf margin but may be partly filled with 

Ochoan evaporites.  

Hiss’s map of submarine canyons shows limited data that can be used to accurately characterize 

the canyons. Additional well logs were obtained to more carefully evaluate the West Laguna 

Submarine canyon, one of the deeper canyons observed by Hiss (Figure 23). The West Laguna 

Canyon as proposed by Hiss (1975) was corroborated by INTERA using the additional well logs.  
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TWDB (2009) attempted to re-create the structure of the aquifer using Hiss’s approach, but with 

a reduced dataset of 726 wells compared to the more than 2,000 wells use by Hiss (1975).  From 

comparison of the aquifer thickness determined by TWDB (2009) and Hiss (1975), it was 

determined that the TWDB model lacked the detail of Hiss’s aquifer thickness and did not 

accurately represent variations in thickness resulting from formation of submarine canyons and 

other features as depicted by Hiss (1975). As a result, the aquifer thickness model adopted for 

this study was that of Hiss (1975) (Figure 24). For purposes of presenting the depth to the top of 

the aquifer (Figure 25) and elevations of the top and bottom of the aquifer (Figures 15-19, 

INTERA Model), the thickness of the aquifer was added to the elevation of the base of the 

aquifer as determined by TWDB (2009), since Hiss (1975) does not provide a reference surface. 

Since the submarine canyons are conceptualized to form from the top of the aquifer downward 

due to erosion processes, the bottom of the aquifer is surmised to be more uniform in elevation 

such that estimation of the bottom of the aquifer by TWDB (2009) is considered to be reasonably 

accurate. It is noted that for the purposes of the numerical groundwater model (Section 5), only 

the aquifer thickness is needed. 

Dissolution features exist on the north and east sides of the Delaware Basin (Hill, 1996) and 

caves and karst features are known to exist within the Capitan Formation. Cavernous porosity 

has been documented in drill holes into the Capitan aquifer (Hill, 1996). A 690-ft section of the 

reef was reported as very vuggy and cavernous (Hill, 1996). Larger dissolution features exist 

within or above the Capitan Formation on both the north and east sides of the basin forming 

dissolution troughs, sinks, and domes/breccia pipes (Anderson, 1981; Figure 7). Two theories 

have been proposed to account for the formation of these features: (1) the collapse of large voids, 

such as caves that had formed in the reef, and (2) the dissolution of overlying salt (Anderson, 

1981; Hill, 1996). No wells have penetrated these structures to the depth of the Capitan 

Formation, thus a definitive explanation for the cause of these features is currently lacking. 

However, if collapse of caves in the reef were the cause, the overall reef thickness in that 

location would be reduced and replaced with breccia pipe debris from the overlying strata. 

A linear zone of basalt dikes approximately 1.24 miles wide and 42.25 miles long intersects the 

Capitan Formation at the north end near the Laguna Submarine canyons (Figure 22, top) (Calzia 

and Hiss, 1978). Where observed in potash mines, the dikes are parallel, nearly vertical, and 

range from 0.39 ft to 13.8 ft wide. The dike material is very fine grained and vesicular (based on 

hand samples). Dikes observed in a potash mine east of the Pecos River are badly fractured and 

altered (Calzia and Hiss, 1978). 
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2.5 Leonard Series 

The Victorio Peak grey member and the black limestone beds of the Bone Spring Formation 

underlie the Guadalupe series (Figure 4). The Bone Spring is composed almost entirely of 

limestone beds, as contrasted with the dominantly sandy strata of the Delaware Mountain Group 

that overlies it (King, 1948). Based on outcrop studies, King states:  

In the Delaware Mountains, and extending as far north as Bone Canyon, the 

exposed parts of the formation are black, cherty limestone in thin beds, with 

partings and a few members of shaly limestone and siliceous shale. North of Bone 

Canyon in the Guadalupe Mountains, the upper part of the black limestone is 

replaced by a thick-bedded gray limestone, the Victorio Peak gray member, which 

also forms the capping stratum of the Sierra Diablo. Between the main mass of 

limestones and the sandstones of the Delaware Mountain group is a small 

thickness of interbedded limestone and shale, which forms the Cutoff shaly 

member and its probable equivalents.  
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3.0 HYDROGEOLOGY 

Based on the geology of the study area as described in Section 2, the aquifers that could be 

impacted by pumping from the proposed Project wells are the Capitan aquifer and the alluvial 

aquifer that is in contact with the Capitan aquifer in the vicinity of Carlsbad, New Mexico. 

3.1  Alluvial Aquifer 

Quaternary alluvial deposits exist throughout Lea County, though the saturated thickness of the 

alluvium is sufficient only in a few places to provide a significant water source (Leedshill-

Herkenhoff Inc. et al., 2000). The Carlsbad Area Groundwater Flow Model study (Barroll et al., 

2004; Appendix A) provides an overview of the alluvial aquifer in the vicinity of Carlsbad:  

The alluvial aquifer consists of surficial deposits associated with the Pecos River 

and its tributaries. This aquifer connects directly to stream courses in the region 

and is recharged by a variety of natural and artificial sources. In the study area, 

the reef is primarily a subterranean structure that underlies the northern part of the 

alluvial aquifer. In the vicinity of the City of Carlsbad, a small part of the alluvial 

aquifer directly overlies the Capitan Reef aquifer and the two aquifers are in 

hydraulic connection. Carlsbad Springs, which have in the past discharged to the 

Pecos River near Carlsbad, indicate the location of this direct connection. 

The Pecos River is generally considered the eastern limit of the Pecos Valley alluvium. Deposits 

of older alluvium exist to the east of the river, but they yield little or no water. The total 

thickness of the alluvium ranges from 100 to 300 ft, and the saturated thickness varies between 

50 and 150 ft (Barroll et al., 2004). 

3.2 Capitan Aquifer 

3.2.1 Aquifer Extent 

The Salado Formation is characterized by extremely low hydraulic conductivity that has been 

measured at between 4×10
-2

 and 4×10
-3

 ft/day using compressed-air injection in a test hole 

assuming a porosity of 0.001 (reported as 12 and 21 microdarcies; Mercer, 1983). Rocks of this 

type are considered to be essentially impermeable (Bear, 1972), which was the one of the main 

reasons for constructing WIPP in the Salado Formation. Other studies, based on water levels 

from many existing wells, revealed no hydraulic connection between rocks overlying and 

underlying the Salado Formation (Hunter, 1985). Thus, no vertical communication is expected 

between the Capitan aquifer and any overlying aquifers that may occur within the Rustler 

Formation, Dewey Lake Formation, and Dockum Group. Alluvial aquifers within the basin that 

lie above the Salado are also not in communication with the Capitan aquifer, except where the 

Salado has been eroded by the Pecos River in the vicinity of Carlsbad and the alluvial aquifers 
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are in contact with the Capitan aquifer (Figure 14). As a result, groundwater flow within the 

Capitan aquifer over nearly its entire extent between Carlsbad and the Glass Mountains is 

constrained to the associated Capitan Reef Complex formations and, to a limited extent, adjacent 

formations such as the San Andres.  

A further constraint to flow on the basin side of the Capitan aquifer is the Castile Formation, 

which acts as a barrier to groundwater flow. In the halite zones of the Castile, the presence of 

water is restricted because the halite does not maintain primary porosity, solution channels, or 

open fractures (Mercer, 1983). The Delaware Mountain Group underlies the Castile Formation. 

Mercer (1983) states that water movement in the sandstone of the Delaware Mountain Group is 

probably very slow, as it is restricted by negligible hydraulic conductivity of the intervening 

siltstones. With the hydraulic conductivity several orders of magnitude lower than that of the 

Capitan aquifer, along with very low, naturally occurring hydraulic gradients, a relatively small 

quantity of water would be expected to flow from the Delaware Mountain Group into the 

Capitan aquifer under natural-gradient conditions (Mercer, 1983).  Pumping from the Capitan 

aquifer would likely increase the hydraulic gradient, which would be expected to increase flows 

from the Delaware Mountain Group into the Capitan aquifer.  Vertical movement across the base 

of the Capitan aquifer is limited by the Cherry Canyon sandstone tongue (Hill, 1996). Along the 

back-reef side of the aquifer, the shelf carbonates and sandstones of the Artesia Group grade into 

evaporites farther back reef, as previously discussed by Ward et al. (1986) (Figures 10-13). The 

aquifer is largely constrained by these evaporates, although in places such as the San Simon 

Channel and Sheffield Channel, the hydraulic conductivity and porosity are not known to be 

plugged by the evaporites, and there may be other areas where there is enhanced hydraulic 

connectivity such as near Kermit, Texas (Brackbill and Gaines, 1964). 

The lateral flow exchanges between the Capitan aquifer and adjacent back-reef aquifer or 

Delaware Mountain Group (aquifer on Delaware Basin side of Capitan aquifer, or basin aquifer) 

were determined using one-dimensional MODFLOW models linked to different sections of the 

Capitan aquifer boundary. The details of one-dimensional models are introduced in Section 5.  

3.2.2 Flow Parameters 

Within the Capitan aquifer, the reef and shelf aquifers are interconnected and act as a unified 

flow system, with each of the various shelf units of the Artesia Group being self-contained 

aquifers within the composite Capitan aquifer (Hill, 1996). Near the reef, the heads in the reef 

and the shelf units are continuous. Farther from the reef, the continuity of hydraulic conductivity 

of the shelf units decreases as the carbonate units become increasingly dense and eventually 

grade into evaporite facies. In addition, the interbedded sandstone units restrict vertical 

movement of groundwater (Hill, 1996). 
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The Capitan aquifer exhibits variable hydraulic conductivity within the study area. Barroll et al. 

(2004) used an estimated hydraulic conductivity of 750 ft/day for the Capitan Formation to the 

west of the Pecos River in their numeric model. Hydraulic conductivity is higher in the 

Guadalupe Mountains and Glass Mountains due to a higher percentage of limestone resulting in 

formation of extensive dissolution features (Hill, 1996; Barroll et al., 2004). Within the 

subterranean portions of the Capitan aquifer between the upland areas, the aquifer exhibits 

moderate porosity and high hydraulic conductivity. In the PDB-04 well, the upper 402 ft of the 

reef have 5 to 25 percent porosity (average 10 percent), and hydraulic conductivity of up to 

4.86 ft/day, averaging 0.622 ft/day (Harris and Saller, 1999). In comparison, the lower Capitan 

Formation has porosities of less than 5 percent and hydraulic conductivities of less than 

0.00243 ft/day (Harris and Saller, 1999). Ward et al. (1986) note that matrix porosities in the reef 

facies and the upper forereef are low on outcrop, but localized fracturing and solution hydraulic 

conductivity can be significant. Hiss (1975) documents “breaks” encountered during drilling oil 

and gas wells in the northern and eastern margins of the Delaware Basin that reflect cavernous 

zones of high porosity and increased hydraulic conductivity resulting from dissolution of 

limestone and dolomite along joints and fractures. The hydraulic conductivity of the Capitan 

aquifer southwest of Carlsbad is extremely high due to the formation of caves and caverns 

resulting from groundwater dissolution of carbonate rocks (Hiss, 1975). Hydraulic conductivity 

measured for the Capitan aquifer ranges from 1 to 25 ft/day (Figure 26) and averages 5 ft/day 

(Hiss, 1975). Hydraulic conductivities of 1 to 5 ft/day are more representative for the eastern part 

of the Capitan aquifer (Hiss, 1975). 

Transmissivity for the Capitan aquifer in the area extending east of the Pecos River at Carlsbad 

(around the northern and eastern margins of the Delaware Basin) to the Pecos-Brewster County 

boundary in Texas ranges from approximately 10,000 ft
2
/day in the thicker inter-canyon sections 

to less than 500 ft
2
/day in the vicinity of the more deeply incised submarine canyons (Hiss, 

1975). According to Hiss (1975):  

The transmissivity of the Capitan aquifer in a small area near the boundary 

between Eddy and Lea Counties, New Mexico, in the vicinity of the deeply 

incised Laguna submarine canyons appears to be the lowest encountered 

anywhere within the project area. A representative transmissivity for this major 

restriction has not yet been determined. However, the general response to stresses 

placed on the aquifer by (1) withdrawal of water in the water fields to the east, 

(2) recharge by floods in the Pecos River valley, and (3) precipitation in the 

Guadalupe Mountains to the west, suggest that the transmissivity must be at least 

one and perhaps two orders of magnitude lower than the average transmissivity of 

the Capitan aquifer.  

Relying on analysis of the response in the observation well (ICP-WS-01) during the seven-day 

pumping test of ICP-WS-02 (INTERA, 2012), transmissivity of the Capitan aquifer was 
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estimated at 7,000 ft
2
/day, which is comparable to the 10,000 ft

2
/day of Hiss (1975) for a similar 

aquifer setting. The open-hole portion of well ICP-WS-01, within the aquifer, was approximately 

1,000 ft, resulting in a hydraulic conductivity of 7 ft/day. The specific storage coefficient of the 

Capitan aquifer ranged from 4.8×10
-8

 to 1.5×10
-7

 1/ft based on analysis of the seven-day 

pumping test (INTERA, 2012). In this study, the value of 1.5×10
-7

 1/ft was adopted in the 

Capitan aquifer flow model and is considered representative of specific storage for “sound rock” 

in the literature (HydroSOLVE, 2009). 

Shelf sandstones and some shelf carbonates have good porosity and moderate hydraulic 

conductivity adjacent to the reef, but porosity and hydraulic conductivity of those units generally 

decrease with distance lagoon-ward (Harris and Saller, 1999). The hydraulic conductivity of the 

shelf aquifers is generally one to two orders of magnitude smaller than for the Capitan aquifer 

(Table 1) (Hiss, 1975).  

The average hydraulic conductivity for the Artesia Group in Eddy and Lea Counties, New 

Mexico, and Ward and Winkler Counties, Texas, ranges from 0.01 to 0.086 ft/day (Table 1) 

based on rock core analyses (Hiss, 1975). The average porosity of the Artesia Group in these 

counties ranges from 6.7 to 8.5 percent. Average hydraulic conductivities for the Delaware 

Mountain Group are similar and range from 0.01 to 0.035 ft/day (Table 2). Average porosities 

are higher for the Delaware Mountain Group, ranging from 13.8 to 19.8 percent. Limited data for 

the San Andres at the north end of the Central Basin Platform, in the vicinity of the San Simon 

Channel, indicate hydraulic conductivity ranges from 0.17 to 0.25 ft/day, which is higher than for 

the San Andres at other locations around the Delaware Basin and higher than the Artesia Group 

(Table 3; Hiss, 1975). The zone of higher hydraulic conductivity for the San Andres coincides 

with groundwater exhibiting lower chloride-ion concentrations (Hiss, 1975). Together, these data 

indicate significantly higher hydraulic conductivity at the northern end of the Central Basin 

Platform compared to the hydraulic conductivities of either the Artesia Group or San Andres 

along the north end of the Delaware Basin or along the west side of the Central Basin Platform 

(Hiss, 1975). Furthermore, Hiss suggests that the higher hydraulic conductivities could also be 

expected at the southern end of the Central Basin Platform, in the vicinity of the Sheffield 

Channel (Figure 3). Moreover, a specific storage of 5×10
-7

 1/ft was used for the San Andres 

Limestone based on what was used in a previous model for that flow system (Trentham et al., 

2012). This value was applied in the one-dimensional groundwater flow models to determine the 

inflow from the back-reef and Delaware Mountain Group to the Capitan aquifer. The hydraulic 

conductivity of the shelf aquifers west of the Pecos River has been greatly enhanced by the 

leaching of soluble beds from the Chalk Bluff facies. This has led to higher hydraulic 

conductivity of the shelf aquifers locally that may be similar to that of the Capitan aquifer (Hiss, 

1975). 
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3.2.3 Movement of Groundwater 

Hiss (1975) discusses the variability in water quality within the aquifer and adjacent formations. 

The variable density of groundwater in the aquifer has the potential to induce density gradients. 

Two occurrences of density-driven flow may exist within the aquifer. Density-driven flow may 

occur at the margins of the aquifer where aquifer water is in contact with higher salinity 

formations such as the Salado or Delaware Mountain Group. Dissolution of salts along the 

margins would increase the salinity and density of water inducing downward buoyancy effects 

and the potential for convection cell formation. However the relative flux rates of these types of 

flows are expected to be much smaller than the rates of potentiometric-induced flows within the 

aquifer and are considered to be of little significance. 

A second density effect is related to the spatial variability along the aquifer. A density gradient 

would be induced between groundwater with different salinity such as exists between the higher 

salinity groundwater at the northern end of the aquifer and the lower salinity groundwater 

towards the west and the south. These density gradients would be parallel (or nearly so) to the 

potentiometric gradients oriented primarily with the longitudinal axis of the aquifer. In this 

situation, converting water levels to equivalent fresh water head adequately incorporates both 

gradients whether they are in the same or opposite directions. As a result, density effects are 

either assumed negligible or are adequately taken into account through the use of equivalent 

fresh water heads, thus allowing for the use of a constant-density numerical flow code. 

Hiss (1975) delineates three different historical flow regimes in the Capitan aquifer (Figure 27). 

Initially, prior to the Pecos River down-cutting into the aquifer, recharge in the Guadalupe 

Mountains flowed to the east and recharge from the Glass Mountains flowed north. Flow out of 

the Capitan aquifer and into the San Andres occurred at the San Simon channel (a.k.a. Hobbs 

channel) and the Sheffield channel at the northern and southern ends of the Central Basin 

Platform, respectively.  

After the Pecos River incised into the aquifer, recharge in the Guadalupe Mountains discharged 

at the Pecos River, while recharge in the Glass Mountains continued to flow north. Hiss (1975) 

writes:  

Movement of water eastward into the Capitan aquifer from the Guadalupe 

Mountains toward Hobbs was decreased by the lowering of the hydraulic head 

along the Pecos River. At the same time, a trough in the potentiometric surface of 

the shelf and basin aquifers began to develop east of Carlsbad, and water began to 

drain into the Capitan from the surrounding sedimentary rocks.  

Groundwater flowed westward to the Pecos River on the western side of the trough, and 

groundwater flowed eastward on the eastern side of the trough (Figure 27). 
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This flow regime continued until oil production began in the first half of the twentieth century. 

Groundwater pumping in the Capitan aquifer is conceptualized to induce flow from the adjacent 

back-reef aquifer (mainly San Andres formation) and Delaware Basin to the Capitan aquifer. 

Pumping centers near Kermit, Texas, resulted in excess of 700 ft of drawdown in the Capitan 

aquifer and reversed flow in the aquifer between Kermit and the northern end of the aquifer from 

a northerly to a southerly direction (Figure 27c). Following peak oil production in the mid-1970s, 

water levels began to rebound in many of the monitoring wells established by the United States 

Geological Survey (USGS) (e.g., South Wilson Deep Unit 1, North Custer Mountain Unit 1, 

Southwest Jal Unit 1) within the Capitan aquifer along the eastern side of the basin (Figure 28 

and 29) (Hiss, 1975). Water levels in two USGS wells, South Wilson Deep and North Custer 

Mountain, show an increase of 350 ft and 412 ft, respectively, between the peak oil-production 

period and measurements made in late 2011. After correcting for density, the water levels for 

these two wells are nearly the same, indicating that the aquifer has recovered significantly. Based 

on the water levels for these two wells, the hydraulic gradient is 1.8×10
-4

 in a southerly direction 

in 2011. This compares to a hydraulic gradient of 1.0×10
-3

 to the south in late 1975. The larger 

hydraulic gradient of 1975 reflects the intense oil-related pumping in Texas.  

The Capitan aquifer water levels also show the separation of the flow system from east to west 

along the northern portion of the aquifer (Figure 28). The City of Carlsbad wells show no 

response to the large drawdowns in the aquifer near Kermit, Texas, in the mid-1970s. The USGS 

well, North Cedar Hills Unit 1, located to the west near the Pecos River, shows no discernible 

response to the Texas drawdown and tracks very closely to the hydrograph for City of Carlsbad 

well 13, which is in close proximity to the Pecos River. These results demonstrate the east-west 

hydraulic separation of the northern portion of the aquifer. 

3.2.4 Groundwater Recharge and Discharge 

Recharge to the Capitan aquifer includes natural recharge from precipitation, leakage from 

canals, surface water, and irrigation return flow. Discharge from the Capitan aquifer includes 

pumping for municipal, irrigation, mining (including oil and gas industry), and stock watering. 

Evapotranspiration (ET) is not considered since it would occur where the aquifer was near the 

ground surface. Areas where the Capitan aquifer is close to the surface are also areas where 

recharge from precipitation occurs, and since ET has been taken into account when estimating 

recharge, it is not considered further.  

Natural recharge to the Capitan aquifer in the study area occurs near Carlsbad and in the Glass 

Mountains. The Glass Mountain recharge estimates range from 824 ac-ft/yr (WBar-W, 2010) to 

1,780 ac-ft/yr (Appendix B). The larger value was estimated from application of the approach 

used for nearby West Texas Bolsons and Igneous aquifers (TWDB, 2004) to the Glass 
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Mountains. Infiltrating water recharges the back-reef Gilliam Formation (equivalent to Artesia 

Group) and then flows into the Capitan Formation (Hill, 1996). Some of the water moves 

eastward before reaching Fort Stockton, with the remaining water moving northward and 

historically flowing into the San Simon Channel at the northeast end of the basin near Hobbs, 

New Mexico (Figure 27) (Hill, 1996). Using the range of estimates above, Glass Mountain 

recharge ranges from 13 to 28 percent of the total ICP water demand. 

Recharge in the Carlsbad area occurs from the following sources (Barroll et al., 2004): 

¶ Areal recharge on the alluvial aquifer 

¶ Arroyo channel recharge (Hackberry Draw, Dark Canyon, and Cass Draw) 

¶ Recharge to the Capitan aquifer in the Guadalupe Mountains 

Total recharge for these sources ranged from 8,000 to 88,000 ac-ft/yr. Recharge to the alluvial 

aquifer was estimated at 2,000 to 8,000 ac-ft/yr, with an uncertainty of 100 percent. Recharge in 

the Guadalupe Mountains was estimated in the range of 8,000 to 25,000 ac-ft/yr and averaged 

15,000 ac-ft/yr, with an uncertainty of 50 percent. 

Other sources of recharge to the aquifer include (Barroll et al., 2004): 

¶ Canal and lateral leakage 

¶ On-farm return flow 

¶ Leakage from Lake Avalon 

Total leakage from these sources ranged from 32,000 to 84,000 ac-ft/yr for the 1964 to 2000 

period. 

Pumping in the Carlsbad area is for municipal, irrigation, and mining purposes. Total pumping 

for these sources ranged from 4,000 to 77,000 ac-ft/yr for the 1964 to 2000 period.  
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4.0 POTENTIALLY IMPACTED WATERS 

Due to the confined conditions over most of the Capitan aquifer extent, the depth of the aquifer, 

and the high salinity associated with much of the water in the aquifer, there are few wells that 

produce water from the aquifer for municipal or irrigation use. The wells that are completed in 

the aquifer within the study area are located where the Capitan Reef Complex is shallow, and 

include wells in the Carlsbad area within both the Capitan aquifer and alluvial aquifers, and in 

the Glass Mountains (Figure 30; Appendix C). Surface water that is in hydraulic communication 

with the Capitan aquifer includes the Pecos River in the vicinity of Carlsbad and Carlsbad 

Springs. Water levels for wells near Carlsbad and farther east and south along the aquifer clearly 

show that there is a barrier to east-west flow at the northernmost extent of the aquifer. This 

barrier effectively limits or prevents east-west flow along the aquifer such that pumping from the 

aquifer farther south in southeastern Eddy County and across the border in Texas has virtually no 

impact on water levels or groundwater flow in the vicinity of Carlsbad. However, due to the 

heavy reliance on the Pecos River and the underlying aquifer system near Carlsbad for 

municipal, irrigation, and mining needs, potential impacts to groundwater and surface water in 

this area were further evaluated with the numeric model. 

Some wells in Pecos County, Texas, and shallow stock wells in the Glass Mountains intercept 

Capitan aquifer water. Even though there are wells listed as “irrigation” wells, there were not any 

wells listed that were actively being used for irrigation. It is suspected that some or all of these 

wells were originally oil or gas wells that were to be abandoned and were provided to 

landowners as partial compensation for drilling access. Due to the depth of the wells and the 

salinity of the Capitan aquifer water, it is unlikely that these wells were used, or ever will be used 

for irrigation. Stock wells in the Glass Mountains are in a recharge zone for the aquifer and, as a 

result, were expected to show little if any effect from pumping centers farther north.  As a result, 

there were no potential impacts identified in Texas or in areas other than near Carlsbad in New 

Mexico. 

Potential impacts to groundwater in the vicinity of the Pecos River near Carlsbad, New Mexico, 

were based on reduced groundwater discharge to the Pecos River. An extensive and detailed 

evaluation of the groundwater flow system was conducted by the New Mexico Office of the 

State Engineer (Barroll et. al, 2004). As a result of that work, the numerical model of the flow 

system in that area, the Carlsbad Area Groundwater (CAGW) model, was developed to assess 

potential impacts. A superposition model of the CAGW model (CAGWsup) was further 

developed as a tool for evaluating impacts on river flows due to additional withdrawals from the 

aquifer in that area (Papadopulos, 2008). The CAGWsup model was used to evaluate impacts 

due to pumping of ICP wells. The impact evaluated was induced leakage from the Pecos River. 
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This leakage was compared to the overall groundwater discharge to the river estimated using the 

CAGW model, which averaged 41,580 ac-ft/yr for the period from 1965 through 2001 

(Figure 31). 

Furthermore, a simplified evaluation of impacts on back-reef and basin aquifers resulting from 

50 years of pumping ICP water supply wells was conducted. The evaluation compared the 

amount of flow induced from the back-reef and basin aquifers to the estimated amount of water 

contained within the pore space of the respective hydrogeologic units. (see Section 5).   
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5.0 NUMERICAL GROUNDWATER MODEL 

5.1 Model Overview 

The Capitan aquifer was modeled as a two-dimensional confined aquifer extending from the 

Pecos River near Carlsbad, New Mexico, to just north of the Glass Mountains in Texas 

(Figure 32). Areas where the Glass Mountains crop out were not included in the area modeled 

since they do not represent a confined portion of the groundwater flow system and only act as a 

recharge zone to the deeper, confined aquifer.  

The aquifer was modeled using the USGS’s three-dimensional, finite-difference groundwater 

flow code, MODFLOW-2000 (Harbaugh et al., 2000), which is an updated version of the well-

known groundwater flow code MODFLOW (McDonald and Harbaugh, 1988). Groundwater 

Vistas, version 6 (ESI, 2007), was used as the graphical pre-processor of model input files and 

the post-processor of model results. 

The hydrologic impact assessment was completed using four models: a calibration model, two 

predictive models to evaluate pumping impacts (pumping and recovery models), and a no-action 

model. The no-action model was developed to simulate the no-action scenario. The calibration 

model represents historical flow from 1967 through 1972. The parameter calibrated in the model 

was hydraulic conductivity. Using the overall structure and flow parameters of the calibration 

model, the pumping model was used to simulate the 50 years of pumping the ICP water supply 

wells. The recovery model was used to evaluate rebound of groundwater levels after ICP water 

supply wells were shut off.  

Boundary conditions applied to the basin and back-reef boundaries of the Capitan aquifer model 

were represented by either no-flow boundary conditions or by one-dimensional groundwater 

flow models. These one-dimensional models were used to determine the inflows from the back-

reef and basin aquifers to the Capitan aquifer model. The approach of using the one-dimensional 

models to simulate groundwater flow between the Capitan aquifer and the back-reef and basin 

aquifers provided a simplified means for simulating flow into and out of the Capitan aquifer 

from the adjacent aquifers, while providing physically based boundary conditions at the 

boundaries of the Capitan aquifer.  

5.2 Model Domain and Grid 

The structure of the Capitan aquifer model was based on descriptions and characterization of the 

aquifer by Hiss (1975) as presented previously (Section 2.4.3; Figures 24 and 25). The four 

models were developed with the same grid. A uniform x-y grid was used with grid-cell spacing 
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of 2,000 ft by 2,000 ft. This grid spacing was considered reasonable given the scale of the aquifer 

(Figure 32). There were 12,732 active cells for the Capitan aquifer models.  

The one-dimensional models were developed using the same grid. The grid was 1,000 ft in 

thickness, 1,000 ft in width, and approximately 95 miles long. The grid-cell lengths varied from 

100 ft at the Capitan aquifer boundary to 500 ft at the distal end of the models. There were 1,019 

active cells for the one-dimensional models. Hydraulic conductivities in the Capitan aquifer 

model were based on the variable thickness of the aquifer (Figures 24 and 33). Regions of the 

aquifer exhibiting similar thickness were designated as a single hydraulic conductivity zone.  

Following this approach, the model was partitioned into eight hydraulic conductivity zones 

(Figure 34). From analyses by Hiss (1975) and Harris and Saller (1999), the upper portion of the 

Capitan Formation has much higher hydraulic conductivity than the lower portion. In addition, 

the down-cut submarine canyons were filled in with clastics exhibiting lower hydraulic 

conductivity representative of the back-reef and basin formations.  As a result, thicker portions of 

the aquifer would be expected to contain higher transmissivities, and thinner, down-cut portions 

would exhibit lower transmissivities, reflecting the deeper part of the Capitan Formation. In this 

way, the vertical variability in hydraulic conductivity of the aquifer was incorporated into 

transmissivities in the two-dimensional model. 

The hydraulic conductivity was set at 0.17 ft/day (Table 3; the low value for rock core analysis 

for the San Andres aquifer was used) for the San Simon and Sheffield Channel back-reef one-

dimensional models. The hydraulic conductivity was set at 0.01 ft/day (Table 2; the low value 

for Eddy County was used) for the one-dimensional models for the basin aquifers. The specific 

storage was set as 5×10
-7

 1/ft for all one-dimensional models.  

5.3 Boundary Conditions 

Boundary conditions imposed on the Capitan aquifer model included: 

¶ Specified head at the Pecos River (all models) 

¶ Specified flux representing Glass Mountain recharge (all models) 

¶ Either specified flux or no-flow along the lateral margins of the aquifer depending on the 

model (i.e., no-action, calibration, pumping, recovery) 

Hydraulic head at the Pecos River was relatively constant over time, varying by approximately 

±4 ft (Barroll et al., 2004; Appendix C) with no trends detected. The specified head boundary 

condition imposed at the Pecos River was taken as the average of water levels measured at City 

of Carlsbad Well 13 for 1967 through 2010 (Appendix C). The average head for this time period 
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was 3,140 ft amsl.  If drawdown was detected at the Pecos River boundary, further analysis was 

conducted using the CAGWsup model (Papadopulos, 2008) (See Section 5.5). 

The southernmost boundary at the Glass Mountains represented Glass Mountains recharge. 

Estimated recharge rates were applied to model cells along the southern model boundary with the 

Well Package (Harbaugh et al., 2000). Recharge flux was a constant 1,780 ac-ft/yr (Appendix B) 

for all models. Recharge to the aquifer from other formations adjacent to the aquifer, including 

the Salado, Castile, and Bone Springs formations, was assumed negligible.  

Remaining boundary conditions in the no-action model (Figure 35) and calibration, pumping, 

and recovery models (Figure 36) were either no-flow or specified flux. In all models, the north 

and south sides of hydraulic conductivity zones 1 and 2 (Figure 34) were coincident with the 

northern and southern CAGWsup model boundaries. The northern and southern CAGWsup 

boundaries were assigned as no-flow boundary conditions and the same boundary reaches in the 

Capitan aquifer model were assigned the same boundary condition for consistency. In the no-

action model, groundwater flows out of the Capitan aquifer into the San Simon and Sheffield 

channels. Due to water levels in the Delaware Mountain Group on the basin side of the Capitan 

aquifer being roughly equal to, and possibly higher than the water levels in the Capitan aquifer, it 

was conceptualized that groundwater does not flow into the basin aquifer during the no-action 

scenario. Also, since the gradient between the basin aquifer and Capitan aquifer was very low, 

and hydraulic conductivities in the basin aquifer were very low, it was conceptualized that 

groundwater flow into the Capitan aquifer from the basin aquifer was very low. Therefore a no-

flow boundary condition was imposed on the basin side of the Capitan aquifer for the no-action 

model. 

The back-reef side of hydraulic conductivity zones 3 and 6 and portions of 7 (Figure 34) were set 

as no-flow boundary conditions. Zone 6 and the northern portion of Zone 7 are adjacent to the 

Central Basin Platform. Based on Hiss (1975) and Ward et al. (1986), the back-reef hydraulic 

conductivity in this area is about one-tenth that of the San Simon and Sheffield channels, with 

the hydraulic conductivity decreasing with proximity to the Central Basin Platform due to 

plugging of the formation with evaporites. The back-reef section adjacent to hydraulic 

conductivity zone 3 was also reported to have much lower hydraulic conductivity than the 

adjacent San Simon channel. By assigning no-flow boundary conditions to these boundary 

reaches, the model becomes more conservative since flow into the Capitan aquifer is more 

limited in the model. The boundary between the San Simon channel and Sheffield channel was 

located in the Central Basin Platform, where a loss of porosity and permeability caused by the 

occlusion of porosity by evaporites can limit the flow within the platform (Ward et al., 1986). 
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Since the basin and the two back-reef aquifers act as reservoirs that are attached to the Capitan 

aquifer, and accurate estimates of flow rates between the Capitan aquifer and adjacent aquifers 

were unknown, it was not possible to impose a standard model boundary condition at the 

boundary of the Capitan aquifer (i.e., specified head, specified flux, head-dependent flux). In 

addition, due to the expansiveness of the adjacent aquifers, it was not feasible to include those 

aquifers directly in the model. Instead, a simplified approach was used to assign specified fluxes 

at the channel and basin model boundaries. The approach was based on two assumptions: flow 

into and out of the lateral Capitan aquifer model boundaries could be represented by four reaches 

that represented uniform flux across each reach, and the uniform flux for each reach could be 

calculated using a simplified, one-dimensional model (Figure 37). The fluxes determined from 

the one-dimensional model were multiplied by the length of each boundary reach to obtain the 

total flux. The total flux was then evenly distributed to the cells along the model boundary using 

the Well Package in MODFLOW-2000 (Harbaugh et al., 2000). 

Initial conditions for the one-dimensional models were a uniform, static water level. The 

thickness of all one-dimensional models was estimated at 1,000 feet based on information from 

Hiss (1975) on the basin and back-reef aquifers. A standard model domain of 95 miles was used 

for all one-dimensional models (Figure 37). This distance was representative for the San Simon 

and Sheffield channels based on the location of the 0 percent porosity line along the eastern side 

of the Midland Basin established by Ward et al. (1986). The maximum extent of drawdown 

observed for the channel models was 66 miles (Figure 37) based on calibration and predictive 

simulations (Sections 5.4 and 5.5). The Delaware Basin is less than 100 miles across, however 

the maximum extent of drawdown did not exceed 16 miles for the two basin-aquifer models 

(Figure 37) based on predictive simulations (Section 5.5). Further details on implementation of 

the one-dimensional models for different Capitan aquifer models are provided below. 

5.4 Model Calibration 

The calibration procedure for the flow model involved both the no-action and calibration models. 

The no-action model was developed to provide results for a no-action simulation without any 

groundwater pumping. Results of the no-action model were also used as an initial condition to 

the predictive pumping simulation. The calibration model was the primary model used for 

calibration of hydraulic conductivity in the model. The procedure for calibration is provided first 

with further description of the individual components to follow. 

Calibration procedure: 

1. Establish initial hydraulic conductivity distribution for no-action model. 
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2. Run no-action model, adjusting outflows at San Simon and Sheffield channels such that 

heads east of the constriction zone at the north end of the model were approximately 

3,140 ft above mean sea level (amsl), and heads at the southern end of the model, just 

north of Glass Mountains, were approximately 3200 ft amsl. The northern heads were 

based on the average of the heads observed in City of Carlsbad Well 13; the southern 

heads were based on observed heads in well TX5238301 (Figure 35).  

3. The one-dimensional models were run representing the back-reef aquifers located at the 

San Simon and Sheffield channels, and the basin aquifer represented by the northern and 

southern basin-side boundary reaches (Figure 37). The one-dimensional models provided 

inflows from and outflows to the adjacent aquifers as a response to drawdown in the 

Capitan aquifer. The fluxes into the Capitan aquifer determined from the one-dimensional 

models for the San Simon and Sheffield channels were superposed with the outflows 

determined using the no-action model to obtain resultant net flux at the boundary of the 

Capitan aquifer model during calibration. 

4. The Capitan aquifer calibration model was run by adjusting the hydraulic conductivities 

in the model to minimize the difference between observed and simulated heads over the 

1967 through 1972 time period.  

5. The no-action model was updated with the calibrated hydraulic conductivity distribution, 

and steps 2-4 were repeated until all desired criteria were met. The no-action model was 

relatively insensitive to the hydraulic conductivities in the model such that only a few 

complete iterations were needed to calibrate the model. The general approach outlined here 

is similar in nature to a bisection search (http://en.wikipedia.org/wiki/Bisection_method). 

Specified head boundary conditions for the one-dimensional models were taken from head data 

for wells in the Capitan aquifer (Figure 28). Water levels were observed to decline at an 

approximately uniform rate of 18.7 ft/yr from 1967 through 1972 (Figure 28). A specified head 

boundary condition representing this declining water level was imposed in the back-reef and 

basin one-dimensional models. From inspection of the data (Figure 28), it was noted that by 

1967, water levels had already dropped well below the non-impacted water level. The non-

impacted water level was assumed equal to the average of observed water levels at City of 

Carlsbad Well 13, or 3,140 ft amsl. The fluxes obtained from applying a uniformly decreasing 

specified head boundary condition to the one-dimensional models varied with time. A simple 

approach was used to estimate the time at which pumping impacts to the aquifer commenced. 

The assumption was made that the slope of the drawdown occurring between 1967 and 1973 

could be linearly extended backwards in time to when drawdown started. The curves from South 

Wilson Deep Unit 1 and Southwest Jal Unit 1 were extrapolated backwards in time until the 

assumed pre-impact water level of 3,140 ft amsl was intersected (Figure 38). A starting date of 
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1943 was determined using the midpoint from intersection of the two curves (Figure 38). This 

initial impact time was probably more recent than what actually occurred (Hiss, 1975), but was 

considered an acceptable approximation given the lack of reliable data prior to 1967. Based on a 

start date of 1943, and the calibration period from 1967 through 1972, fluxes used from the one-

dimensional models were for years 24 through 29. Since the flow rates varied little over this time 

period, a constant inflow rate was used based on the average of the flows for years 24 through 

29. Using the principal of superposition, the inflows from the one-dimensional models for the 

San Simon and Sheffield channels were added to the outflow determined with the no-action 

model to obtain the net inflow to or outflow from the Capitan aquifer model. 

Early in the calibration simulation, outflows resulting from the no-action model were higher than 

the inflows calculated from the one-dimensional models such that the effect of pumping within 

the Capitan aquifer was to reduce outflows. Once the one-dimensional model inflows exceeded 

no-action outflows, the direction of net flow was into the Capitan aquifer model. For the San 

Simon channel, this reversal of flow occurred very soon after pumping began. For the Sheffield 

channel, flow never fully reversed and was always in a direction out of the Capitan aquifer 

model. This was largely a result of the nearby Glass Mountain recharge applied to the model. 

The initial head distributions of the one-dimensional models were set to a uniform value. For the 

calibration model, the initial heads (Figure 39) were obtained from the interpolation of water-

levels in 1967 from observation wells (Figure 28) in the Capitan aquifer. 

Based on aquifer test results from ICP-WS-01 and ICP-WS-02, a value for aquifer storativity of 

1.5 x 10
-4

 was assigned uniformly to the model (INTERA, 2012). Hydraulic conductivity was the 

only parameter adjusted during the calibration process. Hydraulic conductivity values for 

zones 2-8 were adjusted during the calibration process. Hydraulic conductivity for zone 1 near 

Carlsbad was held constant at 5 ft/day. This was done so that the hydraulic conductivities in the 

Capitan aquifer model and the CAGWsup model were the same during the two-step predictive 

simulation process (Section 5.5).  

Calibration was conducted over the period from 1967 through 1972. During this time period, 

data were available for hydraulic heads and for stresses on the system (Figure 28). The stresses 

on the system were from pumping of water wells in well fields supplying the oil industry in 

Texas. The well fields were in Winkler and Ward Counties in Texas, and the water was used for 

secondary oil recovery. Pumping-rate data were not available for these fields; however, water 

level data were available (Hiss, 1975). The transient water-level data were imposed on the 

aquifer at the location of the well fields during the calibration period. Assuming the hydraulic 

conductivity and specific storage of the aquifer were chosen correctly, the specified heads using 

Drain Package in MODFLOW would accurately reproduce the amount of water withdrawn from 
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the aquifer over that time period. An initial heads distribution was required for the calibration 

simulation. Initial heads were taken from the interpolation of available observed hydraulic heads 

at wells in the aquifer (Figure 39).  

Adjustments were made to the hydraulic conductivity until an optimal fit between observed and 

simulated heads was obtained. Calibration was performed using both manual and automated 

methods. Manual methods entailed adjustment of one or more parameters and testing whether 

there was improvement in the calibration statistics.  The code PEST (Watermark Numerical 

Computing, 2005) was used to automatically adjust all calibration parameters until an optimal fit 

between simulated and observed hydraulic heads was obtained. 

Calibration statistics included the mean head residual or mean error (ME), the root mean square 

error (RMSE), and the RMSE normalized by the range in heads observed in the aquifer. The 

mean head residual indicates bias in the calibration. The normalized RMSE, presented as a 

percentage, indicates how well the model fits relative to the distribution of heads in the system 

with a desired value of less than 10 to 15 percent, indicating that the model is a reasonable 

representation of the groundwater flow system. 

The calibration statistics indicate that the model is well-calibrated (Table 4). The mean head 

residual of 1.17 ft indicates little bias (i.e., simulated heads are not too high or too low on 

average). The RMSE was 8.49 ft and the range in heads was 665.0 ft, leading to a normalized 

value of 1.3 percent, indicating that the model accurately reproduces the observed heads. 

A good model fit is also indicated by the scatter plot of simulated versus observed hydraulic 

heads which plot close to the one-to-one line (Figure 40). Simulated and observed hydrographs 

(Figure 41) also indicate that the model reproduces the transient nature of the decreasing 

hydraulic head in an acceptable manner. 

Hydraulic conductivities resulting from model calibration (Table 5) indicate zone 2, representing 

the west Laguna submarine canyon, has the lowest value, 0.005 ft/day. This was the lowest value 

allowed for that zone during calibration. The hydraulic conductivity was constrained to this value 

such that it was not allowed to decrease to an unreasonably small value and arbitrarily create a 

barrier to east-west flow in the aquifer, thereby minimizing potential impacts at the Pecos River. 

The value of 0.005 ft/day was approximately the same but slightly higher than the value 

suggested for the lower portion of the aquifer (0.00243 ft/day) based on analysis of PDB-04 core 

(Harris and Saller, 1999). Zone 5 hydraulic conductivity encompasses the ICP exploration wells, 

ICP-WS-01 and ICP-WS-02. The calibrated hydraulic conductivity for zone 5 was 20 ft/day 

(Table 5). 
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The resulting flow rates obtained from the drain boundary conditions that were used to represent 

the well-field pumping in Winkler and Ward Counties in Texas ranged from 9,729 to 17,647 ac-

ft/yr during the calibration period. The average rate for the calibration period was 11,589 ac-ft/yr. 

Based on the results of the no-action scenario, water levels were close to 3,140 ft at the west and 

east sides of the hydraulic conductivity constriction zone, resulting in essentially no eastward 

flow from the Capitan aquifer near the Pecos River. In the southern part of the model, especially 

near the Glass Mountains recharge area, the water level was close to 3,200 ft amsl, confirmed by 

water levels observed in observation well TX5238301 (Figure 35). Following calibration, the 

outflows at the San Simon and Sheffield channels were estimated at 248 ac-ft/yr and 1,532 ac-

ft/yr, respectively. Recharge from the Glass Mountains remained at a constant 1,780 ac-ft/yr. 

All calibration metrics indicate that the model represents the Capitan aquifer flow system in an 

acceptable fashion. Therefore, the model was used to predict future stresses on the flow system. 

5.5 Predictive Simulations 

In a similar fashion to the calibration model, flows between the Capitan aquifer and basin and 

back-reef aquifers were determined by the one-dimensional models. However, different from the 

calibration model, the characterization of decreasing water level in the Capitan aquifer due to the 

ICP water supply pumping was not initially known. Therefore, an optimization approach was 

used to determine the decreasing water-level in the Capitan aquifer and the influxes from the 

back-reef and basin aquifers simultaneously. Pre-development groundwater levels were used to 

represent the initial conditions for the predictive model. The pre-development water levels were 

taken from the no-action model (Figure 42). The procedure for running the predictive models is 

as follows (see Figure 43): 

1. An initial head distribution for the one-dimensional model head boundary condition was 

established. Two observation wells were used for this purpose in the model: one well (A) 

was close to the San Simon channel, and the other well (B) was close to the Sheffield 

channel (Figure 36). The heads as a function of time at observation well A were used to 

calculate the influxes for the San Simon channel and the north reach of the basin. The 

heads at observation well B were used to calculate the influxes for the Sheffield channel 

and the southern basin reach.  

2. Using the specified head boundary conditions, the one-dimensional models were run.  

3. The calculated fluxes from the one-dimensional models for the San Simon and Sheffield 

channels were superposed with the outflows from the no-action model to determine the 

resultant boundary fluxes in the Capitan aquifer model. For the basin reaches, the fluxes 

from the one-dimensional models were applied directly to the Capitan aquifer model.  
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4. The predictive Capitan aquifer model was run for both the 50-year pumping period and 

the 500-year recovery period.  

5. The new heads at the two observation wells A and B were compared with heads from the 

previous iteration. Comparisons were made at 1-year intervals for all 50 years for each 

observation well.  

6. If the maximum difference for any year was less than a previously determined tolerance 

(0.1 ft), then convergence was achieved and the simulation stopped. If convergence was 

not achieved, new heads were calculated as the midpoint between current and previous 

values and the process looped to step 2 above.  

5.5.1 Pumping Scenario 

Assessment of the potential impacts due to pumping ICP wells was based on the difference of 

results between the no-action model and predictive (pumping) model. The initial hydraulic head 

distribution of the predictive model was obtained from the results of the no-action model 

(Figure 42). The pumping scenario represents a total pumping rate of 6,452 ac-ft/yr (4,000 gpm) 

for 50 years distributed evenly across the eight ICP wells. If drawdown was observed, the change 

in groundwater flow along the eastern boundary of the CAGWsup model was calculated 

(Figure 44). The location of the eastern edge of the CAGWsup model coincides closely with the 

narrow, low-K zone 2, which represents the location of the west Laguna submarine canyon in the 

Capitan aquifer model. Groundwater flow was integrated across the Capitan aquifer at that 

location and applied evenly along the eastern CAGWsup model boundary as a flux boundary 

condition using the Well Package in MODFLOW-2000 (Harbaugh et al., 2000). The CAGWsup 

model was then run to determine the induced leakage from the Pecos River. The leakage from 

the Pecos River was then compared to the amount of water discharging to the river from the 

aquifer in the CAGW model (Barroll et al., 2004) to determine the reduction in groundwater 

flow discharging to the river from the aquifer. In this way the impact of pumping of the ICP 

wells on the groundwater flow system at the Pecos River was evaluated. 

The time-variant fluxes for each flow component of the 50-year ICP water supply pumping 

scenario are shown in Figure 45. Results from the CAGWsup model indicate that groundwater 

discharge to the Pecos River would decrease by 28.4 ac-ft/yr at the end of the 50-year ICP water 

supply pumping period (Figure 46) (note that the value derived in the initial step of determining 

impacts using the Capitan aquifer model was 53 ac-ft/yr), or 0.07 percent of the average gaining 

flows to the river of 41,580 ac-ft/yr for the period from 1965 through 2001 (Figure 31). 

Drawdown at the end of 50 years of pumping (Figure 47) was a little more than 330 ft at the 

southern boundary at the Glass Mountains. Drawdown in the vicinity of the ICP wells was 
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approximately 650 ft. Drawdown at the location of the west Laguna submarine canyon, 

coincident with the eastern CAGWsup model boundary, was 200 ft.  Drawdown near the Pecos 

River based on the CAGWsup model was 0.1 ft. 

5.5.2 Recovery Scenario 

After 50 years of pumping the eight ICP water supply wells, the wells were shut off in the model 

and the water levels in the Capitan aquifer were allowed to rebound. The initial hydraulic head 

distribution of the recovery model was obtained from the head distribution of the predictive 

model at the last stress period. The rebounding water-levels in the Capitan aquifer reduced 

inflows from the back-reef and basin aquifers. Similar to the 50-year predictive pumping model, 

an iterative approach was used to simultaneously determine the rebounding water-level in the 

Capitan aquifer in conjunction with inflows from the back-reef and basin aquifers using the one-

dimensional models.  

The recovery model was run for 500 years. At the end of 500 years, the water level near the ICP 

pumping wells was approximately 3,054 ft, indicating that the aquifer had rebounded to 

87 percent of its original no-action level (3,140 ft) (Figure 48). 

5.5.3 Impacts on Water in Back-reef Aquifers and Basin Aquifer 

The ICP water-supply pumping induced groundwater flow from the back-reef aquifers and basin 

aquifer to the Capitan aquifer. The sum of boundary condition fluxes from the model was 

summed from the time pumping in the Capitan aquifer began until the Capitan aquifer recovered 

to steady state conditions. The influxes from the adjacent aquifers to the Capitan aquifer for the 

predictive simulation of 50 years of ICP water supply pumping were as follows: 

¶ The cumulative flux through the San Simon and Sheffield channels was 87,947 acre-feet 

(ac-ft) over 50 years. The amount of water entering the Capitan aquifer during the 

500 years after pumping ceased was a negative value, as recharge was actually driving 

water from the Capitan aquifer into the back-reef during most of this period. Therefore, 

additional induced volumes were not included in this calculation. 

¶ The cumulative flux through the Delaware Basin was 71,963 ac-ft over 50 years of 

pumping.  Additionally, 16,507 ac-ft were induced into the reef over 500 years after 

pumping ceased.  The total induced flux from the Delaware Mountain Group was 

88,470 ac-ft. 

The volumetric calculations presented below were based on information from the literature that 

was used during initial construction of the model. Two different areal extents of the basin and 

back-reef aquifers were characterized: one was proposed by INTERA and the other was 
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proposed by AECOM, the U.S. Bureau of Land Management’s contractor for preparing the 

Environmental Impact Statement for the Ochoa Project.  

INTERA approach: 

The areal extents of the back-reef and basin formations were based on Hiss (1975, Figure 14) 

and Ward (1986, Figure 8, zero-porosity line) (Figure 49).  For simplicity, the line representing 

the Seven Rivers formation was extrapolated to the southern end of the Central Basin Platform, 

because the Seven Rivers’ transition to an evaporite sequence was distributed near the middle 

compared to the rest of the Artesia Group members. Porosities for the San Andres formation and 

Delaware Mountain Group (basin) were 0.157 (Hiss, 1975, Table 6, average values for all 

counties). The porosity of the Artesia Group was 0.071 (Hiss, 1975, Table 6, averaged using an 

arithmetic mean. Thicknesses of both the San Andres formation and Artesia Group were 1,200 ft, 

while the thickness of the Delaware Mountain group was 4,000 ft (Figures 15-19). 

The total amount of water in the back-reef aquifer was 3,144,377,403 ac-ft, and the total amount 

of water in the Delaware Mountain Group was 4,873,026,615 ac-ft. Consequently, the 

percentage of induced flux was only 0.003 percent from the back-reef aquifer to the Capitan 

aquifer, and 0.002 percent from the Delaware Mountain Group to the Capitan aquifer due to ICP 

well pumping. 

AECOM approach: 

The areal extent was provided to INTERA by AECOM for the purpose of carrying out this 

calculation (Figure 50).  It was assumed that the extent of the Artesia Group and the San Andres 

formation are the same (i.e., they overlie each other in the figure). Porosities and thicknesses 

were the same as those used above for the Artesia Group and San Andres formation. The 

calculation was not done for the Delaware Mountain Group. 

Based on the AECOM approach, the total amount of water in the back-reef aquifer was 

1,301,088,063 ac-ft. Consequently, the percentage of induced flux was only 0.007 percent from 

the back-reef aquifer to the Capitan aquifer due to ICP water supply pumping. 

5.6 Sensitivity Analysis 

An analysis was performed to evaluate the sensitivity of the calibrated groundwater model with 

respect to various model input parameters and boundary conditions. The sensitivity of a model is 

indicated by differences in calibration residuals and/or model conclusions due to a change or 

perturbation of a model input parameter. Thus, a sensitivity analysis shows the importance of 

individual parameters to the simulation results. A detailed description of the sensitivity analysis 

and results are included in Appendix D of this report.  
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The sensitivity analysis that evaluated model sensitivity to input parameters and boundary 

conditions was designed and conducted in accordance with guidelines established by the 

American Society for Testing and Materials (ASTM, 1994). A total of 22 sensitivity analyses 

were evaluated (Table D.1, Appendix D). Model parameters that were varied during this portion 

of the sensitivity analysis included: 

¶ Hydraulic conductivities (8 zones)  

¶ Recharge rate (uniform)  

¶ Specific storage (uniform)  

¶ ICP water supply pumping rate (constant) 

¶ Hydraulic conductivities used in the one-dimensional models (5 scenarios)  

¶ Specific storages used in the one-dimensional models (5 scenarios) 

¶ Thicknesses used in the one-dimensional models (constant) 

Sensitivity analysis was completed to evaluate the flux rates from both the basin and back-reef 

aquifers by varying hydraulic conductivity (K) for each of the four, one-dimensional models both 

individually and collectively. First, the K of each individual one-dimensional model was varied 

while leaving the K value of the other models unchanged. In addition, the K values for all one-

dimensional models were varied together, creating a total of five scenarios for sensitivity 

analysis for K in the one-dimensional models. An identical method was applied to test the 

specific storage (Ss). 

According to ASTM (1994), there are four types of sensitivity, Types I through IV, depending on 

whether the changes to the calibration residuals and the model’s conclusions are significant or 

insignificant. The four types of sensitivity are described as follows: 

¶ Type I Sensitivity – When variation of an input causes insignificant changes in the 

calibration residuals as well as the model’s conclusions, then that model has Type I 

sensitivity to the input. Type I sensitivity is of no concern because regardless of the value 

of the input, the conclusion will remain the same. 

¶ Type II Sensitivity – When variation of an input causes significant changes in the 

calibration residuals but insignificant changes in the model’s conclusions, then that model 

has Type II sensitivity to the input. Type II sensitivity is of no concern because regardless 

of the value of the input, the conclusion will remain the same. 

¶ Type III Sensitivity – When variation of an input causes significant changes to both the 

calibration residuals and the model’s conclusions, then that model has Type III sensitivity 

to the input. Type III sensitivity is of no concern because, even though the model’s 
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conclusions change as a result of variation of the input, the parameters used in those 

simulations cause the model to become uncalibrated. Therefore, the calibration process 

eliminates those values from being considered to be realistic. 

¶ Type IV Sensitivity – If, for some value of the input that is being varied, the model’s 

conclusions are changed but the change in calibration residuals is insignificant, then the 

model has Type IV sensitivity to that input. Type IV sensitivity calls model results into 

question because over the range of that parameter in which the model can be considered 

calibrated, the conclusions of the model change. Type IV sensitivity generally indicates 

that additional data should be collected to decrease the range of possible values of the 

parameter. 

Thus, the ideal outcome of the sensitivity analysis is for all results to be Type I, II, or III. All 

sensitivity simulations resulted in Types I, II, or III (Appendix D).  

Based on the sensitivity analysis results, the parameters and boundary conditions used in the 

model are considered representative, and the conclusions based on model results are considered 

acceptable. The Pecos River leakage for a significant proportion of the simulations was in the 

range of 25-30 ac-ft/yr (Figure 51). The mean leakage rate was 32.4 ac-ft/yr, and the standard 

deviation of the data was 15.7 ac-ft/yr. The two highest leakage rates were due to the high 

hydraulic conductivities of zones 2 and 3. The eastern edge of the CAGWsup model is adjacent 

to hydraulic conductivity zone 2 in the Capitan aquifer model. Zone 3 is adjacent to zone 2 to the 

east. Consequently, higher hydraulic conductivities in both zones generate higher eastward flux 

from the Capitan aquifer model in those locations, and consequently higher leakage rates from 

the Pecos River as determined in the CAGWsup model.  
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6.0 SUMMARY AND CONCLUSIONS 

ICP is developing a polyhalite mine in southeastern New Mexico and proposes to produce water 

from the Capitan aquifer to support mining operations for their SOP Project. The Project will 

require 4,000 gpm of water to be produced from the Capitan aquifer, a deep, carbonate aquifer 

system that extends from the Glass Mountains in western Texas to Carlsbad, New Mexico. As 

part of the permitting process, evaluation of potential hydrogeological impacts is required. The 

impact analysis included development of a conceptual groundwater model, based on geologic 

and hydrogeologic characteristics of the aquifer system, and a numerical flow model of the 

aquifer to quantify impacts. Potential impacts were assessed at the Pecos River near Carlsbad, 

New Mexico, where the river is in contact with the aquifer. Permitted-well use of Capitan aquifer 

water was not found in other locations within the aquifer system. 

Four models were developed, including a no-action model, a calibration model, and two 

predictive models representing the ICP water supply pumping and recovery scenarios. The 

lateral flow exchanges between the Capitan aquifer and the adjacent back-reef aquifer or basin 

aquifer were determined using one-dimensional MODFLOW models linked to different sections 

of the Capitan aquifer boundary. Results of calibration indicated the model was representative of 

flow in the Capitan aquifer. To determine impacts at the Pecos River, the Capitan aquifer model 

was linked to the CAGWsup model. The CAGWsup model was developed with the purpose of 

evaluating impacts to Pecos River flows near Carlsbad, and allowed for evaluation of impacts 

without incorporating the complexity of the groundwater flow system near the river and 

Carlsbad. In addition, the impacts of ICP water supply pumping on the water in the back-reef 

aquifer and basin aquifer were determined based on the comparison between the sum of 

boundary condition fluxes for both the back-reef aquifer and basin aquifer during the pumping 

and recovery scenarios and the volumetric calculations of total water in both the back-reef 

aquifer and basin aquifer.  

Results of the numerical flow model indicate that there will be very limited impact to 

groundwater discharging to the Pecos River near Carlsbad, New Mexico. Reduction in 

groundwater discharging to the Pecos River due to pumping of ICP wells was estimated at 

0.07 percent. A sensitivity analysis conducted on the Capitan aquifer model established that the 

parameter estimates used in the model were reasonable and that the model was representative of 

the groundwater flow system. Impacts on the back-reef aquifer were estimated to be up to 

0.007 percent of the total amount of water in the back-reef aquifer, and impacts on the basin 

aquifer were estimated to be up to 0.002 percent of the total amount of water in the basin aquifer. 

Based on these results, the conclusions of the model are considered acceptable.  
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APPENDIX A 

Review of Carlsbad Area Groundwater Model
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Estimation of Recharge in the Glass Mountains 
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Water Level Data for Wells in the Capitan Aquifer 
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